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In the e+e annihilation processes e+e — > D°D° 
there are not only the resonance contribution e+e" -> 0(3770) -> D u D0 D + D~ , but also the 
continuum contribution through virtual photon directly e+e~ — * 7* — > D°D°, D + D~ . The ampli- 
tudes through virtual photon directly and through resonance can interfere seriously. We consider 
the continuum and interference effect in the DD production process in e+e~ annihilation. We find 
that the effect is significant near and above the threshold of the DD mesons. 

PACS numbers: 13.25.Gv, 13. 66. Be, 14.40.Gx 



The e+e~ annihilation processes e+e~ — > D°D° and 
D + D~ just above the DD threshold are important, they 
occur significantly through the charmoniuum resonance 
"0(3770). They can be used to determine the resonance 
parameters of 0(3770), the mass M and decay width T. 
The resonance 0(3770) decays dominantly to DD final 
state. Recently CLEO collaboration measured the differ- 
ence between the cross sections of e+e~ — > 0(3770) — > 
hadrons and e+e~ — > -0(3770) — > DD at the center 
of mass energy E C m = 3.773 GeV. Their result is 
(—0.01 ± 0.08^q3q) nb, which is consistent with zero 
[l[. This result indicates that the branching fraction of 
0(3770) ->non-DD decay is small. In addition, except 
for J/07r + 7r~ final state and some radiative transition 
processes, no statistically significant signals of non-DD 
decays of 0(3770) have been detected 0J3|- From the de- 
tected non-DD decay modes of 0(3770) by experiment 
one can estimate that the summed branching frac- 
tions of 0(3770) to non-DD final states is at most 2 or 
3%. Therefore about 98 or 97% of 0(3770) resonances 
decay to DD final states. 

It is generally assumed that the process e+e~ — > DD 
just above the threshold of the DD is almost completely 
contributed by 0(3770), while the continuum contribu- 
tion of virtual photon is not important. 

BESII and CLEO-c have measured the cross sections 
of e+e - — > D°D°, and D + D~ at the center-of-mass en- 
ergy y/s — 3.773 GeV 0, Based on these data, we 
show in this paper, if one accepts that the branching 
ratio of 0(3770) — > DD is as large as 97 or 98%, to un- 
derstand the data of the cross section of e+e~ — > DD, 
one has to consider both the continuum contribution 
of e+e~ — > 7* — * DD and the interference effect be- 
tween the amplitudes of e+e~ — * 0(3770) — > DD and 
e+e- -> 7* -> DD. 

As shown in Fig[l] the process of e+e~ annihilating 
into DD can occur either through the intermediate res- 
onance 0(3770) or directly through the virtual photon. 
To calculate these diagrams, one needs to know the cou- 
pling of 0(3770) with DD, the coupling of 0(3770) with 
the virtual photon, and the form factor F d q describing 
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FIG. 1: Feynman diagrams for e+e~ 
nance 0(3770). 
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the direct interaction of DD with the electromagnetic 
current. The coupling g^rjQ can be defined by 
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where denotes 0(3770), A ) is the polarization vector 
of 0(3770), and A stands for the polarization state. The 
coupling of with the electromagnetic current can be 
described by the following equation 
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where m^p is the mass of 0(3770), and its decay con- 
stant, which can be determined by the measured decay 
width of T(0(377O) — ► e+e - ). In the following analysis, 
we use /0 = 95.5MeV, which is extracted from the mea- 
sured decay width of 0(3770) — > e+e~ Q. From eq.©, 
one can get the effective vertex of the resonance and 
the electromagnetic current: iQcej^m^e^ 1 . The propa- 
gator of resonance is taken as the Breit-Wigner form 
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here Tt is the total decay width of ?/>(3770). Then one 
can obtain the amplitude of FigQJi 



x T~r~- — 7^-"( fc 2)7^"(fci), 

s — ml + im^L T s 



(4) 



where s = (ki + k 2 ) 2 , u(k\) and ^(fe) are the Dirac 
spinors for the electron and positron, respectively. 

The coupling of the meson pair DD directly with the 
electromagnetic current can be parameterized as the elec- 
tromagnetic form factor F d q 
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where jg m = QcCj^c, is the electromagnetic current, 
q = pi + P2, and the subscript "dir" means the DD pair 
couples directly with the electromagnetic current without 
the contribution of the resonance. With this definition 
of the electromagnetic form factor, the vertex of the vir- 
tual photon and DD is ieF D jj(q 2 )(pi — p 2 Y . Then the 
amplitude of FigflJ) can be obtained 

T b = -ie 2 F DD { S ){p 1 -p 2 Y-v{k 2 ) 1 ^u{k 1 ). (6) 

s 

Combining eqs.(H]) and ©, one can obtain the total am- 
plitude of e+e" -> D°D° or D + D~ 

T = ie 2 v{k 2 ) 1 ^u{k 1 ){j> 1 ~p 2 Y- 

s 

x[-F D6 (s)+ 9 ^f^ m t e % (7) 

where an arbitrary phase factor e 1 ^ is added, which 
should be determined by experiment. With the above 
amplitude, one can obtain the cross section of e + e~ — > 
D°D° and/or D+D~ 
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TABLE I: Branching ratio of Br(0(377O) -> DD) and the 
coupling g^ D B- 



9iiDD 


Br(DD) 


Br(D°D°) 


Br(D + D~) 


Br(D"D") 
Br(D+D-) 


12.7 


97.4% 


58.0% 


39.4% 


1.47 



not considered here, since it is only at one or two per- 
centage level. We take the mass and the total width of 
V>(3770) as mv, = 3771. lMeV, T T = 23.0MeV 0, and the 
total branching fraction of '0(3770) decays to D°D° and 
D+D- to be 5r(0(377O) -> DD) = 97% in the numer- 
ical estimation, which is relevant to take g^uQ = 12.7. 
The value of g^jjQ and the results for the branching ra- 
tios of V(3770) -> DD are listed in Table [fl The ratio 
°f Br(D+r>-) = 1-47, which is within the error of the 
experimental value: 2.43 ± 1.50 ± 0.43 0. 

Now we consider the cross section of e + e~ — > D a D° 
and D + D~ with g^BD — 12.7. At first we calculate the 
cross section without the continuum contribution, i.e., 
taking the form factor F D jy(s) = in eq. ([5]). The 
results are listed in Table HJ Both ClEO-c and BESII 
have measured the cross sections of e + e _ — » D°D° and 
D+D- at y/s = 3.773 GeV. Their results arc in good 
agreement with each other. The observed cross sections 
are 



T obs _ 

D°D° ' 
T obs 
' D + D- 

-obs 

'd°d° ' 

-obs 

T D + D- 



(3.58 ±0.09 ±0.31) nb 
= (2.56 ±0.08 ±0.26) nb 

(3.60 ±0.07±° 05) nb 
= (2.79 ± 0.07t°;J°) nb 



BESII [4] 
CLEO-c [5] 



BESII has also given the cross sections with the initial 
state radiative corrections. This result can be compared 
directly with our tree-level calculation. The compari- 
son can be found in Table |TTJ It shows that, without 
the continuum contribution, both of the results of the 
cross sections of e + e~ — > D°D° and D + D~ are seriously 
larger than the experimental data at y/s = 3.773 GeV. 
To improve the theoretical prediction, one choice is to 
include the contribution of the direct virtual photon in 
the e + e~ — > DD process. 



where a = 1/137, is the fine structure constant. 

To proceed to the numerical analysis of the cross sec- 
tion of e + e~ — > DD, one needs the knowledge of the 
coupling g^Di) and the form factor F d q(s). For the 
coupling g^Df), we can estimate it from the knowl- 
edge of the branching ratio of ■0(3770) — * D°D° and 
'0(3770) — > D + D~ . From eq.(p} we can get the branch- 
ing ratio 



£r(V>(3770) -> D°L>°, £> + £>^ 



9^dd \pp\ z 1 
67T m^ Tt 



, (9) 



where po is the three-momentum of the D meson in 
■0(3770) decay. The isospin violation effect for g^DD IS 



TABLE II: The cross sections of e + e" -> D°D° and D + D~ 
at y/s = 3.773 GeV without the direct virtual photon con- 
tribution, which are compared with experimental data. The 
experimental data are taken from Ref.JJ]. 



The calculation 



Exp. data 



a D o D o 

a D + D- 



6.5 nb (4.6 ± 0.12 ± 0.45) nb 

4.5 nb (3.29 ± 0.10 ± 0.37) nb 



For considering the contribution of the intermediate 
virtual photon, we assume the electromagnetic form fac- 
tor of DD to be the following form 



Fdd(s) 



mlF 



(10) 
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This behavior of s-dependence is similar to the form fac- 
tors of light mesons 0, Q . 




20 40 60 80 100 



FIG. 2: The cross section of e+e" -> D°D° at y/s = 
3.773 GeV, varying with the parameter 7<o and the relative 
phase <j>. The plots a, 6, c, d and e are for cj> — 0, 7r/12, 7r/6, 
7r/4 and 7r/2, respectively. 

Now substitute eq. (fl"T)|) into eq.©, one can calculate 
the cross section depending on the center-of-mass energy 
y/s, provided one knows the values of the parameter Fq 
in eq. (fT0|) and the relative phase cf> between the resonance 
and the direct virtual photon contribution in eq. ((8|) . To 
estimate the allowed values for Fq and <f>, we plot the 
cross section of e + e~ — > D°D° in FigfJ] by varying the 
values of Fq and 0. The two dashed horizontal lines stand 
for the experimental result with the upper and lower er- 
rors [4[ ■ The curves between this two dashed lines are 
allowed by the experimental data. Similar plots can be 
obtained for the cross section of e + e~ — * D + D~ . We find 
the common parameter space of (Fq, <f>) exist, which can 
accommodate the data for both of the two annihilation 
processes e + e~ — ► D°D° and D + D~. Some illustrative 
results are given in Table IIIII 

TABLE III: The numerical results for the cross sections of 
e+e" -> D°D° and D + D~ at y/s = 3.773 GeV with some 
values of (Fo,(f>). 



(F ,<f>) (8.0,7r/6) (6.0,7r/4) (5.0,7r/2) Exp, data [4] 
a D o B o 4.9 nb 4.8 nb 4.8 nb (4.6 ± 0.12 ± 0.45)nb 
a D+D - 3.4 nb 3.4 nb 3.3 nb (3.29 ± 0.10 ± 0.37)nb 



eters can be possibly fitted well. This measurement can 
be performed in BESIII and CLEO-c. 

fl Sr ■ ■ ■ ■ ■ ■ n 

o 



Q5 : -1 




3800 3900 4000 4100 4200 4300 4400 



y/s (MeV) 

FIG. 3: The cross section of e + e~ — > D°D° changing with 
the center-of-mass energy y/s. The solid curve is for (Fq, </>) = 
(5.0, 7r/2), the dotted one for (6.0, 7r/4), and the dashed for 
(8.0,tt/6). 

How important is the continuum contribution in the 
resonance region in the process of e + e~ — > DDI The 
plot for each contribution by taking (F ,4>) = (5.0, tt/2) 
is shown in Fig [J] where the dotted curve is the single 
contribution of the resonance ip(3770), the dashed curve 
is the single contribution of the virtual photon, and the 
solid one is the total contribution. At y/s — 3.773 GeV, 
the single contribution of the resonance ?/>(3770) is 6.5 
nb, the continuum contribution is 0.13 nb, while the com- 
bined contribution is 4.8 nb. This shows that the con- 
tinuum contribution can change the final cross section as 
large as 30%. The interference effect is destructive. In 
the resonance region, the peak for the curve of the cross 
section is slightly shifted, and seriously lowered by the 
continuum virtual photon contribution. 
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FIG. 4: The cross section of e + e~ D°D° changing with 
the center-of-mass energy yfs. The solid curve is the total 
contribution of the virtual photon and the resonance i/'(3770), 
where (Fo, cf>) = (5.0, 7r/2) is taken, while the dotted one is for 
the case without the continuum virtual photon contribution, 
and the dashed one is only the virtual photon contribution. 

In the numerical analysis, we did not include the pos- 
sible effect of the lower resonance ^(3686), which is just 



The s-dependence of the cross section of e + e — > 
D°D° are shown in Fig. [3j by taking (F , 4>) = (8.0, tt/6), 
(6.0,7r/4) and (5.0, n/2). Both of these sets of parame- 
ters can give the correct prediction at y/s = 3.773 GeV. 
The two dashed horizontal lines are the experimental 
bound at \/s = 3.773 GeV. The solid curve is for 
(F ,cV) = (5.0,7r/2), the dotted one for (6.0,tt/4), and 
the dashed one for (8.0,7r/6). The curves for the cross 
section changing with the center-of-mass energy yfs are 
very sensitive to the form-factor parameter Fo and the 
relative phase <p. With precisely measured cross section 
of & D £)(s) at enough different points of y/s, these param- 
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under the threshold of DD, because we do not know any 
information about its coupling with DD. When perform- 
ing the experimental analysis, the contribution of this 
resonance can be added into the formula of eq. §E§ . With 
large amount of experimental data about the cross sec- 
tion of e + e~ — * DD at different point of s/s, it is possible 
to detect whether the effect of the resonance 0(3686) is 
important. In general cq. |jHJ) can be generalized as 



g dD = ~- 



ir (s - 4m 2 D ) 3 / 2 



l _Dl 

,5/2 



F, 



DD 



(-)+£ 



r, 



(ii) 



where the summation is over all the possible resonances 
which can couple to DD. However, in practice, one need 
only consider the resonances which give large contribu- 
tion. 

It is still possible to understand the experimental data 
of the cross section of e + e~ — > DD theoretically by de- 
creasing the coupling of 0(3770) with DD, g^ DD . How- 
ever, this will predict a drastically smaller branching ra- 
tio of 0(3770) — > DD, then give a larger branching ratio 
for the non-DD decays of -0(3770). From the analysis 
of Ref it is concluded that the branching ratio of the 
charmless non-DD decays of 0(3770) may be as large as 
13% or 18%. Such a large branching fraction for non-DD 
decays of 0(3770) is not favored by the recent measure- 
ment of CLEO collaboration [l[ . Without considering the 
direct virtual photon contribution, it would be a puzzle 
for understanding consistently the measured cross sec- 



tion of e + e 



DD at the resonance region and the 



experimental data about the non-DD decays of 0(3770) 
0, Q . Now the data can be understood consistently by 
considering the continuum and interference effect caused 
by the direct virtual photon in the annihilation process 



of e H 



DD. 




FIG. 5: The DD loop diagram for e + e — > DD scattering. 



One more remark is in the following. The re-scattering 



contribution of e + e" — > 7* — > DD — > — > DD shown 
in Fig|5] is not considered separately in this work, be- 
cause this diagram has been absorbed into Figfl] (a) by 
using the effective coupling of 0(3770) with the elec- 
tromagnetic current extracted from the measured decay 
width of 0(3770) — > e + e~. The DD loop gives a kind of 
long-distance contribution to the effective vertex of the 
electromagnetic field and the resonance 0(3770). When 
taking the value for this effective vertex extracted from 
experimental data, all short and long-distance contribu- 
tions are included. Therefore, it is not necessary to con- 
sider Figf5] again. 

In summary, we have considered the continuum and 
interference effect in the process of e + e~ — > DD near 
and above the threshold of DD. We find the effect of 
the direct virtual photon is crucial. By including the 
contribution of the direct virtual photon in e + e~ — > DD, 
the recent experimental data about the non-DD decays 
of 0(3770) and the measured cross section of e + e~ — > 
DD can be understood consistently. 
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